Optical studies have been carried out on two fluorinated isothiocyanato nematic liquid crystal (LC) compounds 4'−butylcyclohexyl−3, 5−difluoro−4−isothiocyanatobiphenyl and 4'−pentylcyclohexyl−3, 5−difluoro−4− isothiocynatobiphenyl
Introduction
The investigation of the anisotropic optical properties in liq− uid crystals (LCs) is an interesting field of research, not only for academic curiosity, but also for its importance from the point of view of technological applications. Nematic liquid crystals are important anisotropic ordered fluids which pos− sess orientational order. The nematic LCs are primarily known for their extensive applications in liquid−crystal dis− play (LCD) devices [1] . The refractive indices of LCs play a crucial role in determining its application feasibility. Also, the birefringence of a LC, defined as Dn = n e -n o , where n o is the ordinary refractive index and n e is the extraordinary re− fractive index, plays a very decisive role in display applica− tions. The polar nematic LCs exhibiting high birefringence and low−viscosity are highly desirable for applications in the domain of display and communication devices. High bi− refringence reduces the LC cell gap which leads to a fast re− sponse time [2] [3] [4] . On the other hand, a LC with high refrac− tive index anisotropy is desired in order to achieve a high contrast reflective LCD [5] . Isothiocyanato (NCS) com− pounds prove to be very useful components of liquid crystal− line mixtures for various applications due to their high polar− ity and low viscosity. An NCS group placed on the terminal position of a molecule with a cyclohexylbiphenyl or cyclohexylethyl core provides strong mesogenic stability [4] . The refractive indices and birefringence of a liquid crystal, both are dependent on the molecular structure, wavelength and temperature [6] [7] [8] . The effect of temperature on the refractive indices and birefringence is critically important for display devices. In order to establish a relationship of the temperature dependence of LC refractive indices, various theoretical models [6] [7] [8] [9] , as well as several experimental techniques [10] [11] [12] [13] [14] have been developed. From the study of refractive indices of liquid crystals, it is possible to obtain information on anisotropy of the light waves traversing through them [15] . By measuring refractive indices of LCs, it is possible to determine other parameters such as birefringence and order parameter. For a uniformly ordered domain, the birefringence of liquid crystals is considered as the visible result of their long-range order. Thus, we can estimate the degree of ordering of the LC molecules at different temperatures by studying the birefringence [16] . Nematic liquid crystalline phases can be characterized in terms of the order parameter. The order parameter of a LC represents the degree of alignment of the LC molecules with respect to the director $ n, where $ n defines the direction of the preferred orientation of the LC molecules in the neighbourhood of any point [17] . Many interesting proper-ties and important applications of nematic liquid crystals are observed because of their ordering [18] . The macroscopic order parameter Q can be determined from the studies of refractive index, nuclear magnetic resonance, X-ray scattering, UV and IR dichroism, elastic constants, magnetic and electric susceptibility [19] [20] [21] . The order parameter determined from such properties is referred to as macroscopic order parameter because it describes the bulk response of the LC material [22] . However, assuming the liquid crystals to be composed of cylindrically symmetric rod like molecules, Tsvetkov [23] defined the order parameter (S) as
where q is the angle between the molecule orientation and the average orientation of the molecules. The average < > is taken over the whole ensemble. S is called the micro− scopic order parameter because it describes the average re− sponse of a LC molecule [22] . The macroscopic order pa− rameter Q determined from various bulk tensorial proper− ties differ among themselves and also from the micro− scopic order parameter S [13, [18] [19] [20] [21] . This inconsistency arises possibly because of the effect of a local field which is different for different properties. However, assuming the validity of a local field model, the microscopic order pa− rameter can be determined from the knowledge of macro− scopic bulk tensorial properties [17, 18] . Several methods have been developed for the measurement of macroscopic order parameter (Q) in a LC [13, 14, 16, [18] [19] [20] [21] . Measure− ment of optical anisotropy, i.e., Dn provides not only the most simplest and convenient, but also yields direct and very precise results [13, 21] . Thus, the optical methods are most frequently used for the calculation of order parameter of LCs [14, 24] . Quite a few molecular structures with high Dn values have been investigated by using different methods [2] [3] [4] 25] . However, most of the studies on high Dn liquid crystals have only been carried out in their eutectic mixtures [4, 26, 27] . In our study, we have taken pure samples of two NCS nematic liquid crystalline compounds: 4'−butylcyclohe− xyl−3, 5−difluoro−4−isothiocyanatobiphenyl and 4'−pentyl− cyclohexyl−3, 5−difluoro−4−isothiocynatobiphenyl. The work presented in this paper can be highlighted in terms of three significant studies. Firstly, the measurements of re− fractive indices of the two LCs have been done by using the thin prism method. Secondly, the validation of the modified four−parameter model [6, 7] based on the Vuks equation [28] describing the temperature dependence of the LC refractive indices is made by fitting experimental data of refractive indices with the theoretical values. Thirdly, the calculation of order parameters of the two LCs has been done. Two dif− ferent theoretical procedures are discussed for the deter− mination of order parameter.
The first one is a simple procedure solely based on the birefringence measurements. This procedure consists of the following steps: a. measurements of birefringence Dn. b. determination of Dn o using extrapolation, where Dn o is the LC birefringence in the crystalline state. c. calculation of order parameter.
The second procedure employed for the determination of order parameter is the modified Vuks method [8, 19] using Haller's extrapolation [29] . In this method the well− −known Vuks relation [28] is used. The variation of order parameter with temperature of the two nematic liquid crys− talline compounds obtained by the two methods is com− pared in this paper.
Experimental
For refractive indices measurements, the samples were in− troduced in thin prisms (refracting angle less than 2°). The prisms were fabricated using glass slides whose inner sur− faces were treated with a 1% polyvinyl alcohol (PVA) solu− tion and unidirectional rubbing was done for a homoge− neous alignment of sample. The prism was then placed in− side an electrically heated brass thermostat with a circular aperture, which is controlled manually to ±0.5°C. He−Ne la− ser (l = 633 nm) beam was used to get two refracted spots from the LC−filled prism corresponding to extraordinary and ordinary rays on a screen placed at a distance of about 5 meters from the prism. The details are reported elsewhere [10, 11] . The images of the spots were photographed using a high resolution digital camera and those images were ana− lysed, and the data obtained were used to calculate the re− quired refractive indices. The experimental values of n o and n e were calculated using the following formulae [12] are respectively the distance of the ordi− nary spot and that of the extraordinary spot from the direct spot on the screen. The direct spot was obtained on the screen by passing the laser beam through the empty prism before filling the sample. d 1 is the distance between the posi− tion of the direct spot and the spots formed by reflected beams from the two reflecting surfaces when the prism was placed symmetrically with its apex facing the direct beam from the laser.
The accuracy of the system for measuring refractive indices is up to the fourth decimal point.
Theory (four-parameter model)
Assuming that the internal field in a crystal is the same in all directions, Vuks [26] derived the equation for an anisotropic medium which relates the ordinary and extraordinary refrac− tive indices with the molecular polarizabilities for aniso− tropic materials as Opto−Electron. Rev., 22, no. 1, 2014 T.K. Devi 
where N is the number of molecules per unit volume, a e o , is the molecular polarizability. n 2 is the mean of value of the square of refractive index and is given by the following equation
The average refractive index of a LC material n is defined as [6] n n n
Based on the Vuks equation, Li et al. [6] and later Soorya et al. [7] derived the following expressions for ordi− nary and extraordinary refractive indices as a function of n and the Dn.
Using experimental data of n e and n o , it is found that n decreases linearly as the temperature increases. n can be taken as the first order function of temperature and can be written as [6] n T A BT ( ) = -.
Equation (7) has a negative slope and the value of B is found to be around 10 -4 K -1 [6] .
Also, birefringence is given according to Haller's ap− proximation as [29] 
where Dn o is the birefringence of the LC in the crystalline state, the exponent b is the material constant and T c is the clearing temperature of the LC material under investigation. Substituting values of n T ( ) and Dn(T) from Eqs. (7) and (8) in Eqs. (6.1) and (6.2), the modified four−parameter model [6, 7] is obtained and which eventually gives the theo− retical value of an extraordinary refractive index n e (T) and ordinary refractive index n o (T) as were obtained from fitting the temperature−dependent n parameters data at a given wavelength, whereas parameters Dn o and b were obtained by fitting the temperature−depend− ent Dn data. Thus, measuring the temperature dependent n o and n e and arranging the data into n T ( ) and Dn (T), the parameters A, B, Dn o and b can be obtained directly.
Calculation of order parameter

Direct extrapolation method
The anisotropy of any physical quantity in a liquid crystal depends on the orientation of the molecules and, therefore this anisotropy can be considered to be a measure of its orientational order. According to Haller's extrapolation me− thod, the order parameter of a LC can be approximated as [8] 
A nematic liquid crystal behaves like a uniaxial crystal in the homogeneous alignment [30] . Therefore by modify− ing the equation for uniaxial crystal [20] , the relations between macroscopic order parameter (Q) and refractive indices (n e and n o ) of a liquid crystalline compound are obtained by using Eqs. (7) and (10) in Eq. (6) as follows
The macroscopic order parameter (Q) is obtained from Eqs. (11.1) and (11.2) as
Equation (12) gives the required order parameter of the LC in which the experimental birefringence data can be used.
The value of lthe order parameter Q attains the value of 1 when T = 0 K, and under this condition, Dn = Dn o . This condition is achieved by extrapolating Dn for T = 0 K on the linear portion of the graph drawn between Dn and ln[ ( )] 1-T T c [20] .
Modified Vuks method
In the second approach, the orientational order parameter S is calculated by using Vuks hypothesis [31] and is given as [8, 19] 
where Da denotes the polarizability anisotropy and a is the molecular polarizability.
Haller's extrapolation method is followed in order to obtain S. The factor Da/a is known as scaling factor [7] [13] . The graph is a straight line and can be extrapolated to T = 0 K. It is known that for a liquid crystal, S = 1 when there is perfect ordering. Thus the intercept at T = 0 K gives the value of the scaling factor Da/a. We can then obtain the required order parameter S by substituting this value in Eq. (13).
Results and discussion
The chemical structure and their transition temperatures of both the compounds are given in Fig. 1 .
The experimental values of n o and n e were calculated using the formula given by Eqs. (2.1) and (2.2). By using the experimental data of n in Eqs. (5) and (7), we can obtain A and B. Similarly, by using the experimental data of Dn in Eq. (8) we can obtain Dn o and b. Once these two sets of parameters are obtained, the values are used in the Eqs. (9.1) and (9.2) to calculate n o and n e . The variation of temperature dependence of n of both the liquid crystals is shown in Fig. 2 . The values of n are found to decrease linearly as the compounds approach towards their clearing temperature. Figure 3 shows the temperature dependence of Dn obtained from the experimental measurements and fitting values for the LC compounds 1 and 2. Both the experimen− tal and fitted values of Dn decrease gradually as temperature increases. As observed from the graph shown in Fig. 3 the compound 1 exhibits lower Dn values than that of LC compound 2.
The results from measurements and fitted values using four−parameter model for ordinary and extraordinary refrac− tive indices for both the LC compounds 1 and 2 are shown in Fig. 4 . As the temperature increases, n e decreases while n o increases. A similar nature is exhibited by both the LC samples. Thus, in our studies a very close agreement is obtained between the experimentally measured data and fit− ted values of n e and n o for both the LC compounds.
Finally, a comparison of order parameter values ob− tained by the two different methods is presented in Fig. 5 for the LC compounds 1 and 2. The macroscopic order parameter Q was calculated by the direct extrapolation method using the experimentally measured birefringence data, while the microscopic order parameter S was calcu− lated by the following modified Vuks method using Table 1. pound 1 is found to be lower than that of the compound 2.
As visible from Fig. 5 , the order parameters obtained from the two methods are observed to differ slightly in their val− ues. As per our expectation it is observed that S > Q for both LC compound 1 and 2. As mentioned above, the inconsistency in the values of order parameter for the same compound obtained from different methods is possibly because the effect of a local field is different for different properties. The density studies for these samples are diffi− cult due to their high clearing temperatures. However, efforts are being taken up for the density studies of these LC compounds.
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Conclusions
The compounds, 4'−butylcyclohexyl−3, 5−difluoro−4−iso− thiocyanatobiphenyl and 4'−pentylcyclohexyl−3, 5−diflu− oro−4−isothiocynatobiphenyl are nematic liquid crystals with reasonably high clearing temperature and low melting point. They are found to exhibit moderately high birefrin− gence (Dn~0.24 -0.26). As observed from Fig. 1 , the mo− lecular structures of the two LC compounds differ only in the number of a carbon atom. However, this difference in the number of carbon atoms effects the transition tempera− tures, as well as the clearing temperature of the two LC compounds. The LC compound 2 with more number of car− bon atoms is found to have higher value of Dn and higher value of order parameter. These compounds are therefore excellent components for the formation of new LC mixtures for various applications. A modified four−parameter model has been used to explain the temperature dependence of re− fractive indices and birefringence of the two LCs. The re− sults were then compared with the obtained experimental data. Till date the four−parameter model has been validated for liquid crystalline compounds having clearing tempera− ture below 100°C [7, 31] . We have validated the model for LCs having clearing temperature higher than 100°C and sa− tisfactory results have been observed for both the com− pounds. Moreover, most of the studies on high birefrin− gence (Dn) liquid crystals have only been carried out in mix− tures but in our work we report the studies on high Dn for two LCs in their pure nematic form. Also, the calculation of order parameters has been done by using two different methods and the results have been compared and found to be in good agreement with each other.
